Introduction
The arid southwestern United States historically has been sparsely populated but the construction of dams, aqueducts, and pumping of groundwater allowed the relatively recent growth of major population centers throughout the region, with Nevada being one of the fastestgrowing states in the Union. Increased demands on existing supplies have focused attention on finding new, alternative sources of water such as in the Great Basin regional aquifer system, a vast spring and ground-water system described by Harrill and Prudic (1998) . Particular attention is being paid to the eastern part of the Great Basin where a major aquifer system is developed in a regionally-extensive, thick stratigraphic sequence of Paleozoic carbonate rocks (e.g., Welch and Bright, 2007) . A second important ground-water system occurs in the Cenozoic basin-fill deposits found throughout the region. The current study is a continuation of a cooperative effort between the U.S. Geological Survey (USGS) and the Southern Nevada Water Authority (SNWA) to characterize the geophysical framework of several of these Cenozoic basins in eastern Nevada and western Utah ( fig. 1 ; herein referred to as the study area). Gravity and magnetic data are described by Scheirer (2005) and Mankinen and others (2006, and this report) , while data from concurrent audiomagnetotelluric (AMT) studies are described separately by others (2006, 2007) . Results of these studies are significantly increasing our understanding of the formation and subsurface shapes of the basins in this region and providing insights into the structures that may impede or allow ground-water flow.
Geologic Setting
Major extensional faulting began throughout the region at about 17 Ma (McKee, 1971; Christiansen and McKee, 1978; Stewart, 1978) and formed the horst-graben terrain that is typical of the Basin and Range Province. The study area (figure 1) is characterized by north-south, elongate mountain ranges and broad, flat alluvial-filled valleys. Valley floors are between 1,700 m and 1,800 m above sea level near the north end of the study area, decreasing to about 1,400 m toward the south. Most of the valleys are internally drained and contain playas. Crests of the major ranges average between about 1,700 m and 2,700 m above sea level. The highest summit in the region is Wheeler Peak in the Snake Range at 3,981 m above sea level. Geologic summaries covering much of the area can be found in Tschanz and Pampeyan (1970) and Hose and others (1976) .
The oldest rocks in the region belong to the Precambrian McCoy Creek Group. The most abundant rock type in this group is massive quartzite, and similar rocks extend stratigraphically upward to include the Lower Cambrian Prospect Mountain Quartzite. Where not greatly faulted and fractured, these rocks form effective barriers to ground-water flow especially where they are in contact with younger carbonate rocks, and they may form the base of the carbonate-rock aquifer in areas where circulation extends throughout the entire stratigraphic thickness (Plume, 1996; Harrill and Prudic, 1998) . These carbonate rocks range in age from the Middle Cambrian to Lower Triassic (Hose and others, 1976; Plume, 1996) . The total stratigraphic thickness of the carbonate sequence ranges from about 1.5 km to as much as 9 km, and the composite unit is present throughout much of the eastern two-thirds of the Great Basin (Plume, 1996) .
The youngest of the deep-water carbonate strata in the eastern Great Basin were deposited during Lower Triassic time, after which the continental margin shifted westward and the shallow sea retreated (e.g., Speed, 1978) . The eastern Great Basin was uplifted, and erosion and continental deposition occurred locally during the remainder of Mesozoic time. No sedimentary rocks dating to this interval of time are known in the study area ( fig. 1 ) with the possible exception of some small areas of tectonic breccia (Hose and others, 1976) . Other rocks forming part of the pre-Cenozoic basement in the study area are a series of intrusive igneous rocks exposed along the southern Snake Range extending northward into the Kern Mountains (Hose and others, 1976; Best and others, 1974) and in the Deep Creek Range in Utah (Miller and others, 1999) . Plutons likely exist beneath all calderas and many have been inferred throughout the region from interpretations of geophysical anomalies (Grauch and others, 1988; Ponce, 1990) . Although plutons of the region range from Jurassic to Tertiary in age, all are grouped with the basement rocks because their density is similar to most of the pre-Cenozoic rocks, differing strongly from those of later eruptive and basin-fill rocks. Intrusive igneous rocks typically are barriers to ground-water flow (Plume, 1996) except in areas where extensively fractured.
The oldest Cenozoic sedimentary rocks in the study area are local occurrences in the central and northern Schell Creek Range (Hose and others, 1976) . These are likely Eocene in age and pre-date the late Eocene to late Miocene calc-alkaline volcanic rocks found in many places in the area. A major volcanic episode began during the early Oligocene when voluminous ash-flow eruptions resulted in the formation of collapse caldera complexes throughout the Great Basin (e.g., Best and others, 1989) . Although impermeable in hand sample, these denselywelded tuffs are easily fractured and can allow water circulation and may be major aquifers where continuous over large areas. Because many of the volcanic rocks in the study area occur as discontinuous outcrops on older rocks (Gans and others, 1989) except in the vicinity of the Caliente and Indian Peak caldera complexes (Ekren and others, 1977; Best and others, 1989) , they have limited importance as regional aquifers.
Alluvial fill within the basins may range from a few hundred meters to several kilometers thick. This basin fill consists of clastic material derived from adjacent mountain ranges and is characterized by semi-consolidated to unconsolidated sand, gravel, silt, clay, and local evaporites with some interbedded volcanic units in many areas. The sand and gravel deposits form a major, shallow aquifer in the region where they are not clogged by clay or zeolitic intergranular materials. These aquifers are commonly exploited because groundwater in the valleys typically is within a few meters or tens of meters below the ground surface and easily reached by wells.
Some of these basin-fill aquifers are hydraulically isolated from similar aquifers in adjacent valleys, while others are hydraulically connected by flow through the underlying carbonate aquifer (Plume, 1996) .
Procedures
Gravity data were obtained using LaCoste and Romberg meters (G17C and G8N) and observed gravity values were referenced to two base stations. The base station at the Ely, Nevada airport (ELYA), at 39°17.59'N, -114°50.52'W, is tied to the International Gravity Standardization Net 1971 (ISGN 71) gravity datum (Morelli, 1974) Ponce, USGS, written communication, 1991) . Locations of gravity stations were determined using a differential GPS system with corrections provided by Continually Operated Reference Station (CORS) satellites. Locations after post-acquisition processing are accurate to within 1 meter, both horizontally and vertically.
Magnetic data were obtained from two areas in Spring Valley using a portable cesiumvapor magnetometer integrated with a differential GPS receiver. The magnetometer was mounted on a non-magnetic aluminum frame and towed behind a vehicle at speeds up to 40 mph.
Measurements were taken at a rate of 10/second. The truck-towed magnetometer (TOM) system 
Gravity Data
Since the initiation of the USGS-SNWA cooperative studies, 1,447 new gravity stations have been added between northern Spring and Tippet Valleys southward into Delamar Valley ( fig. 2 ), including 434 from the current study (table 1) . Locations of the gravity stations were designed both to improve regional gravity coverage and to provide high resolution gravity along selected traverses in the study area, particularly along some of the AMT lines established by others (2006, 2007) . Observed gravity at each station was adjusted by assuming a time-dependent linear drift between readings of a base station at the start and finish of each daily survey. This adjustment compensates for drift in the instrument's spring. Observed gravity values are considered accurate to about 0.05 mGal based on repeat measurements over several mountain calibration loops (Barnes and others, 1969; Ponce and Oliver, 1981) .
Gravity data were reduced using standard gravity corrections (Blakely, 1995) and a reduction density of 2670 kg/m 3 . Field terrain corrections (zones A and B of Hayford and Bowie, 1912) were carried out to 68 m using templates and charts (e.g., Plouff, 2000) . Innerzone terrain corrections for zones C and D (Hayford and Bowie, 1912) , which are necessary to account for variations in topography near a gravity station, were obtained to a radial distance of 2 km using digitized topography in a digital elevation model (DEM) (D. Plouff, USGS, written communication, 2006) . Outer terrain corrections, from 2 km to 167 km, are also calculated using digitized topography and a procedure by Plouff (1977) . The resulting gravity anomaly is termed the complete Bouguer anomaly. A regional isostatic field was calculated using an AiryHeiskanen (Heiskanen and Vening Meinesz, 1958 ) model for local compensation of topographic loads (Jachens and Roberts, 1981; Simpson and others, 1986 was examined individually to confirm the discrepancy. Some of these errors occurred because of imprecise locations (i.e., lack of significant digits in published reports) and were corrected with a high degree of confidence. If the source of the discrepancy could not be determined and corrected, the station was omitted from the data set. Observations from the revised data set were then gridded at a spacing of 0.5 km using the minimum curvature algorithm of Webring (1981) , and the resulting isostatic residual gravity field ( fig. 3 ) is considered reliable for subsequent analyses.
Gravity lineaments
We further analyze the gravity field to isolate lateral density boundaries of mid-crustal sources. Cenozoic tectonic activity may be accommodated along these deep-seated structures and thus their identification can help locate subsurface faults controlling regional ground-water flow. The gravity anomalies in figure 3 were first analytically upward-continued by 3 km (Hildenbrand, 1983) to de-emphasize surface and near-surface features and enhance the contribution of deeper sources. Next, horizontal gradients were calculated (e.g., Cordell, 1979; Blakely, 1995) for the upward-continued gravity anomalies shown in figure 4a . When calculated for two-dimensional data grids, horizontal gradients will place narrow ridges over significant changes in density. The method of Blakely and Simpson (1986) was used to calculate maximum values of these gradients, the locations of which tend to overlie the edges of causative bodies that have abrupt, near-vertical contacts. The maxima in the long-wavelength gravity data, along with a visual inspection of the gradient "ridges" containing them, were used to define major gravity lineaments (figure 4b).
Gravity Inversion
To first order, the isostatic residual gravity field ( fig. 3 ) reflects the pronounced contrast between dense (~2670 kg/m3) pre-Cenozoic basement rocks and the significantly less dense (generally < 2500 kg/m3) overlying volcanic and sedimentary basin-fill. Because of this relationship, the gravity inversion method of Jachens and Moring (1990) can be used to separate the isostatic residual anomaly into pre-Cenozoic "basement" and Cenozoic "basin" fields, thus allowing an estimate of thickness of Cenozoic alluvial fill within the area. Jachens and Moring (1990) and Saltus and Jachens (1995) to separate the isostatic residual anomaly into basement and basin fields, and similar to those shown to be widely applicable to other volcanic basin-fill deposits throughout Nevada others, 1998, 2000; Mankinen and others, 2003) .
In the inversion process, the density of basement is allowed to vary horizontally but the density of basin-filling deposits is fixed using the functions in table 2. In this iterative approach, a first approximation of the basement gravity field is derived from gravity measurements made on exposed pre-Cenozoic rocks. This basement gravity field ignores the gravity effects of nearby basins and is subtracted from the observed gravity, which provides the first approximation of the basin gravity field. Using the selected density-depth relation, the thickness of the basin-filling deposits is then calculated. The gravitational effect of this first approximation of the basin-filling layer is computed at each known basement station. This effect is, in turn, subtracted from the first approximation of the basement gravity field, and the process is repeated until successive iterations produce no substantial changes in the basement gravity field.
A modified version of the inversion method used here (B.A. Chuchel, unpublished data, 2005) allows basement gravity values to be approximated by correcting the isostatic gravity anomaly at sites where depth to basement is known from deep boreholes (Garside and others, 1988; Hess, 2004) or inferred from seismic data (Gans and others, 1985) . At locations where wells did not penetrate the full thickness of basin fill, the maximum depths reached were used as minimum constraints in the iterative process. Information on oil and gas wells for Nevada and
Utah is available at http://www.nbmg.unr.edu/lists/oil/oil.htm and http://ogm.utah.gov/oilgas/, respectively, and all constraints used are shown in figure 5 . Results of the inversion (figure 6) were gridded at a spacing of 2.0 km using a minimum curvature algorithm Webring (1981).
Aeromagnetic Data
Aeromagnetic surveys encompassing the study area were originally presented by Zietz and others (1976, 1978) , Mabey and others (1978) , and Hildenbrand and others (1983) , and discussed in detail by Plume (1996) . Because of widely disparate aeromagnetic survey specifications from many areas, all data from Canada, Mexico, and the United States were reprocessed and merged into a coherent representation of the data, and compiled as a new digital magnetic anomaly database and map for North America (North American Magnetic Anomaly
Group (NAMAG), 2002). A subset of this latest compilation was extracted for the Spring and
Snake Valleys area shown in figure 7 . Flight-line spacing of the original aeromagnetic surveys within this area ranged from 1.6 to 8.0 km in Nevada (Zietz and others, 1978; Hildenbrand and others, 1988) and from 1.6 to 3.2 km in Utah (Zietz and others, 1976) .
A number of relatively small, strong magnetic highs in the northern part of the study area are associated with mapped outcrops of volcanic rock (Gans and others, 1989; Hagstrum and Gans, 1989) and the continuation of the anomalies indicate that these rocks also are present and more extensive in the subsurface. Although one of the largest plutons in the region forms the core of the Kern Mountains, it is expressed by a weak magnetic anomaly (figure 7). The main intrusion in this composite pluton, the Tungstonia Granite of Best and others (1974) is atypical among Great Basin granitic plutons. It is a Cretaceous (~75 Ma, Lee and others, 1986) , deeply weathered two-mica granite containing phenocrystic muscovite, abundant aplite dikes and aplitic borders, all probably contributing to its weak magnetic signature. Younger (~35 Ma) intrusions of the immediate area are more typical with the absence of muscovite and the presence of ubiquitous Fe-Ti oxides (Best and others, 1974) , and thus are probably more magnetic.
Several outcrops of Mesozoic intrusive rocks occur in the Snake Range NW of Baker (Hose and Blake, 1970; Stewart and Carlson, 1978) , and Grauch and others (1988) and Ponce (1990) consider the large positive magnetic anomaly in this area (figure 7) to represent a buried pluton(s) at depth. The more subdued anomalies NW of Baker within Spring Valley (figure 7)
may also represent buried granitic plutons (Ponce, 1990) .
Ground Magnetic Data
Ground magnetic traverses using the truck-towed magnetometer were conducted within two areas of Spring Valley ( figure 8 ). The first, profile "Spring_E1," was along Highway 50 east of Majors Place. This traverse was conducted because our previous investigation of Rattlesnake Knoll (aka Rattlesnake Heaven prospect) indicated that the volcanic breccia forming the knoll might be extensive in the subsurface (Mankinen and others, 2006) . A drill hole located near the top of the knoll was also reported to have penetrated igneous rock at depth (G.L. Dixon, oral communication, 2006) . The second traverse, profile "Spring_E2," was designed to investigate one of the weak magnetic anomalies possibly representing a small pluton (Ponce, 1990 ). Ground magnetic traverses, "Spring_E1" and "Spring_E2," are shown in figures 9 and 10, respectively. Aeromagnetic data along both traverses are also shown in these to figures to illustrate the improvement in delineating weak magnetic anomalies. The magnetic signal along traverse Spring_E1 ( figure 9 ) indicates the possibility of two or more distinct magnetic sources, one of which seems to correspond with the gravity anomaly associated with the volcanic breccia.
Only a single magnetic source is indicated by the Spring_E2 traverse (figure 10), and it has no gravity expression.
Depth-to-magnetic source
Although there are different methods to estimate depth to a magnetic source (Blakely, 1995) , here we use the graphical method described by Peters (1949) . This method is easy to apply and is based on the fact that the horizontal gradient of a magnetic anomaly is proportional to the depth of the source (i.e., the steeper the gradient, the shallower the source). Peters' method also assumes that the magnetic anomaly is caused by a two-dimensional body with vertical sides and a uniform, nearly vertical magnetization. These assumptions are not strictly applicable in many geologic situations, and the depth estimations should thus be considered as approximations. Peters' method assigns different proportionality constants depending on whether the causative body is "very thin," "very thick," or has an "intermediate thickness."
General practice is to assume a body of intermediate thickness (unspecified), and we use this assumption as a first approximation.
An inspection of the gradients of the main magnetic anomaly along the Spring_E1 traverse indicates that the source on the western end is considerably shallower than that on the eastern end. Peters' method provides an estimate of approximately 600 m to the top of the magnetic source on the west and nearly 1 km on the east. Estimated depths to the pre-Cenozoic basement surface (figure 6) beneath the magnetic anomaly along this traverse range from about 700 m on the west to 100 m on the east. It is possible that some of the magnetic source rocks at the western part of the traverse may be within the basin fill, whereas toward the east the source(s) are clearly within the basement. Because this eastern source is within the basement rocks, it most likely represents a buried pluton. If true, we assume that it is probably a "very Analyses of basement gravity anomalies show that a basement gravity low extends across the central part of the state (Blakely and Jachens, 1991; Ponce and Tilden, 2006; Watt and Ponce, 2007) perhaps reflecting concealed, relatively low density silicic intrusions over much of the region. Blakely (1988) shows that part of this area is characterized by a general absence of short wavelength magnetic anomalies that roughly corresponds to a belt of muscovite-bearing granitic Results from measurements made with the truck-towed magnetometer show the potential for delineating and interpreting weak magnetic anomalies that are poorly expressed in existing aeromagnetic surveys of the region. Magnetometer data have been collected along some of the AMT profiles established by others (2006, 2007) and will be processed in the future. Our cooperative studies are continuing and the immediate focus will be in the vicinity of potential well sites within Spring Valley. 
